To minimise the influence of blood content on the fluorescence measurements in vivo, a fibre optical probe combining fluorescence and diffuse reflectance measurements was developed. For the inverse solution of the blood content recovery, a set of neural networks trained by the Monte Carlo generated learning set was used. An approach of fluorescence measurements triggered by simultaneous real-time measurements of blood content in living tissue during moderate changes in contact pressure of the optic probe is proposed. The method allows one to decrease the necessary pressure on the probe as well as increase the repeatability of the measurements. The developed approach was verified in a series of experiments on volunteers with fluorescence excitation at 365 nm and 450 nm. The proposed technology is of particular interest in the development of new fluorescence-based optical biopsy systems.
INTRODUCTION
Since the early 1990's, fluorescence measurements (FS) have become an object for wide research and industrial interest, especially in the field of life sciences. However, it is known that in vivo recorded fluorescence spectra are influenced by many factors. 1 Often for the measurements, the most significant factor is an influence of blood absorption in the living tissue. 2 The attenuation and changes of the fluorescence signal due to the blood volume alterations hide the changes linked with the concentration of fluorescent agents effectively. 3 Moreover, the highly variable parameter directly affects the sampling depth and volume due to the absorption of the excitation radiation. At this time, several techniques have been developed to compensate for the influence of blood absorption on the fluorescence measurements in vivo. 4 Most of them usually require additional optical measurements during the measurement of fluorescence intensity. 5 In this case, to calculate the compensation factor, different types of models can be used. Primarily they are based on the analytical models or reverse Monte Carlo simulation. Nevertheless, most of them keep the inherent limits of the approaches, either lack of accuracy or relatively long computation time. Even though the study on the topic has been conducted for a sufficiently long time, the development of an effective and useful compensation method is still a task of great significance. 4 It should be noted that in some cases an additional measuring channel of blood content parameters is able to significantly increase predictor strength of a diagnostic method to distinguish healthy and disease affected area. 6, 7, 8 In this paper, we have analysed and tested an attenuation correction technique based on the moderate mechanical pressure on the optical probe. It is well known that the pressure applied on optical diagnostic probes is a significant factor affecting the results of measurements. 9 One of the main causes of such effect is the influence of the pressure on local blood flow. On the other hand, the pressure is a well-known technique for controlling optical properties of biological tissue. It increases diagnostic depth and volume as well as allowing evaluation of actual values of optical parameters of biological tissue in vivo (parameters of absorption, scattering, polarisation, fluorescence 13 , etc.) by reducing the influence of blood absorption. 10 The key point of the application of the technique in the clinical practice is repeatability of the measurements. Every measurement should be treated as an individual case because the same pressure applied to the living tissue of two different volunteers or even for the same person in different places will normally result in a different effect on blood volume fraction in the area under the probe. To tackle the problem in this work, we are offering an approach with To evaluate the blood volume fraction, a recently developed approach (A. Bykov, E. Zherebtsov, I. Meglinski, University of Oulu, 2016) combining neural network fitting based on the training set of modelled diffuse reflectance spectra obtained by Monte Carlo simulation has been employed. 11 To implement this in practice a fibre optical probe combining fluorescence and diffuse reflectance measurements has been used.
Thus, this work aimed to develop and implement an approach for the blood content recovery as well as use the information for the compensation of the blood influence on the fluorescence measurements applicable for the real-time in vivo diagnostics. To this purpose, we experimentally estimate the potential of co-registering parameters of cutaneous blood content and the tissue fluorophore fluorescence.
THE METHOD OF RESEARCH
For a comprehensive diagnosis of the state of microcirculatory-tissue systems in real time and in vivo, it is currently promising to apply several diagnostic technologies simultaneously in one diagnostic volume. In that way, diffuse reflectance spectroscopy (DRS) can be used for correction of the data obtained during fluorescence studies (FS). To address the problem, a fibre optical probe combining fluorescence (2 emitting and 1 collecting fibres) and diffuse reflectance measurement (1 emitting and 1 collecting fibres) approaches has been used (Fig. 1) . The probe was used for delivery of penetrating radiation and registration of back-reflected secondary radiation from the tissue. A 365 nm and 450 nm radiation sources were used for fluorescence excitation. The probing and collecting fibres have a diameter of 400 microns. The source-detector spacing for the FS channel is 1.5 mm whereas the distance for the DRS channel is 2 mm. For safety reasons, as well as to keep photobleaching of the tissue at an acceptable level, probe radiation power of the 365 nm excitation wavelength at the output of the fibre probe did not exceed 1.5 mW. To assess the safety of the probe, coupled with the LED, we used documentation of the International Commission On Non-Ionizing Radiation Protection (ICNIRP) 12 . The calculation gives the effective skin irradiance of 1.4 W/m 2 . From the ICNIRP recommendations, the proposed protocol of using the probe was deemed to be safe. The output power for the 450 nm excitation wavelength did not exceed 3.5 mW. The numerical aperture of the fibres was 0.22. To solve the inverse problem of estimation of skin chromophore content, an approach based on the neural network has been implemented (Fig. 2) . A training set of spectra for the neural network was modelled by the Monte Carlo method. 11 A CUDA-based Monte-Carlo simulation was used for routine calculation of diffuse reflectance spectra of skin, as well as their variations associated with possible physiological changes in the human skin. 13 The differences in the spatial distribution of blood, melanin, oxygen saturation of blood, haematocrit, water content within the skin, as well as the numerical aperture and the angle of the detector positioning on the skin surface were taken into account. To model the diffuse reflectance spectra, a seven-layer model of skin was used.
14 The values of the main variable parameters of the model are presented in Table 1 . The parameters, which are the most significant factors affecting the skin reflectance, were varied to model all the possible sets of the values. In that way a training set of modelled diffuse reflectance spectra has been calculated for the different combinations of blood volume fraction, blood saturation, melanin fraction and epidermis thickness. The total training set had spectra in the range of 505-900 nm with a step of 5 nm. Using the simulation data, the set of neural networks was trained to get the inverse solution for the blood content recovery. Figure 2 . Flow chart of the approach for blood content estimation as well as minimisation of its influence at the registering fluorescence spectrum due to the moderate pressure applied to the probe Usually, the probe pressure is one of the most prevalent factors which has a strong impact on the blood volume fraction in the area of probe placement. For the experimental validation of the approach, a series of experiments have been conducted in the skin palmar surface of the middle finger of 8 volunteers aged 24±7 years with different pressure applied to the probe. The study was carried out in accordance with the principles outlined in the 2013 Declaration of Helsinki by the World Medical Association. The study protocol and its purpose were explained in detail to each subject and the informed consent was obtained from all of the subjects. To study the influence of local pressure on DRS and FS signals a special tooling set with calibrated weight, custom made by 3D printing, was used. The tooling was fixed on the optical probe, and the pressure value was changed by putting small weights in or taking them out of it. The influence of pressure on skin reflectance and intensity of skin fluorescence were registered at every step of the study. In that way, during each experiment, the pressure was changed stepwise from 0 to 36.2 mN/mm 2 .
RESULTS (AND DISCUSSION)
An example of the obtained experimental DRS and FS spectra with and without correction for different applied pressure to the probe (10 mm in diameter) is shown in Fig. 3 . The fluorescence spectra from the measurements with minimal (~0 mN/mm 2 ) and maximum (36.2 mN/mm 2 ) pressure are shown in Fig. 4 . In the same figure, the spectra selected on the basis of blood volume fraction measurements (pressure 21.2 mN/mm 2 , weight 170 g) is shown. The data demonstrate that for the proposed blood volume fraction simultaneous measurements can serve as a trigger to launch the fluorescence measurements when the influence of the blood absorption can be supposed to be negligible. Furthermore, the actual information about the blood content in the sampling volume for every measured fluorescence spectrum makes it possible to accurately compensate the influence without pressure. As a development of the idea promising results have been obtained on the correction of fluorescence measurements based on the combination of recovery of the blood volume fraction by the proposed approach and lookup tables of the attenuation coefficients for skin model for certain wavelength of emission and blood content generated by the Monte Carlo modelling of fluorescence detection for the described probe.
CONCLUSIONS
The implemented multimodal approach for the in vivo optical measurements in combination with moderate pressure applied to the fibre optic probe for minimisation of blood influence has shown good repeatability of obtained experimental fluorescence spectra. The conducted experiment with different pressures applied to the probe has demonstrated that the proposed approach of fluorescence measurements triggered by simultaneous real-time measurements of blood content in living tissue allows one to decrease the required pressure on the probe as well as increase the repeatability of the measurements presented. The proposed model of blood content measurements combines both the speed of neural network processing and the accuracy and flexibility of Monte-Carlo modelling and can be used in real time measurements. The developed measurement technology is of particular interest in the development of new fluorescence-based optical biopsy systems.
